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Values for A{H°(298.15 K), S°(298.15 K), andCE)(T) (5=<T/K<6000) are com-
puted by density functional B3LYP/6-31&Gp and B3LYP/6-31% G(3df,2p) calcula-
tion methods for 12 monochloro and dichloro dibenqedioxins and dibenzofurans:
1-chloro dibenzgs-dioxin, 2-chloro dibenzg-dioxin, 1,6-dichloro dibenz@-dioxin,
1,8-dichloro dibenzg-dioxin, 1,9-dichloro dibenz@-dioxin, 2,8-dichloro dibenz@-
dioxin, 3-chloro dibenzofuran, 4-chloro dibenzofuran, 1,6-dichloro dibenzofuran, 3,6-
dichloro dibenzofuran, 3,7-dichloro dibenzofuran, and 4,6-dichloro dibenzofuran. Mo-
lecular structures and vibration frequencies are determined at the B3LYP/{8LRLG
level of theory. Isodesmic reactions are utilized at each calculation level to determine the
enthalpy of formation of each species. Contributions to the entropy and the heat capacity
from translation, vibration, and external rotations are calculated using the rigid-rotor-
harmonic-oscillator approximation based on the B3LYP/6-@Il@ structures. The en-
thalpies of formation for 1,4-dioxin, furan, 2,3-benzodioxin, 2,3-benzofuran, dibpnzo-
dioxin, and dibenzofuran are also calculated. Thermochemical properties of two
composite central atom groups and four interaction groups are derived for use in a group
additivity scheme to calculate these thermochemical properties of polychlorinated

dibenzop-dioxins and dibenzofurans. @003 American Institute of Physics.
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11. Comparison of thermochemical properties from enthalpies, entropies, and heat capacities of chlorinated ben-
group additivity with the recommended values. .. 1725zenes and phenols, PCDD/Fs, PCBs, and Co-R©Blanar-

12. Comparison of thermochemical properties of PCB.
23DCDD and 2378TCDD from group The enthalpy of formation of gas-phase dibenzofuran has
additivity with literature values............... 1726  been reviewed by Cox and Pilch2r(83.3+5.0 kmol™1)

and by Pedleyet al2® (83.4+4.7 kdmol™1), while two ex-
perimental values have been determined by Sabhatr.3
List of Figures +4.8 kJmol™ %) and Chiricoet al®? (55.3+0.3 k3mol™1).

1. PCDD/F formation from chlorophenals....... 1715  The value of Chiriceet al3?is supported by Thompséhand
Dorofeevaet al* Recently, Notaricet al** obtained an av-
erage value of 51:96.7 kIJmol~ ! from isodesmic reactions

1. Introduction and separately by an atomization reaction calculated at the
G3(MP2)//B3LYP level and corrected by bond additivity

Multisubstituted aromatic or polyaromatic molecules suchWith ring correction.
as chlorinated dioxins and furans are often observed in the There is less experimental data1 on the enthalpy of
effluent streams from combustors or incinerators. These spéermation for dibenzgs-dioxin. Shau estimated a value
cies are also found in a wide number of environmentallyPy first obtaining AH°(298.15K) (dibenzgp-dioxin)
sensitive reservoirs including lakes, streams, and airborng —62.8 kdmol™* from enthalpy comparisons of 9,10-
particulates. These compounds are thought to be hazardod#ydroanthracene and dibenzopyran. Next he compared the
and toxic and, as a consequence, are undesirable products&ithalpy of benzene, phenol, and varied chlorobenzenes and
incomplete combustion. The global distribution of polychlo- chlorophenols. Lastly, he then estimated the enthalpies of
rinated dibenzg-dioxins and dibenzofurans has been stud-formation for various chlorinated dioxins, using observed
ied by Wagrowski and Hite. trends and differences. A detailed examination for the en-
The formation or presence of polychlorinated dibepzo- tropy of dioxin and some chlorinated dioxins based on ad-
dioxins and dibenzofuran€CDD/F$ in combustion pro- justment of vibrational frequencies, moments of inertia, and
cesses containing chlorinated organic materials has been fréther properties of benzene, chlorinated benzenes, and an-
quently studied 8 Fly ash, acting as a heterogeneousthracenes, was also carried out by Sh&ub.
catalyst, plays a crucial role in the formation of PCDD/Fs in  ThompsoR’ estimated A¢H®(298.15 K)
the afterburning zone of municipal waste incinerators. Pre=—55.0 kdmol™* for dibenzop-dioxin from the observed
cursors for PCDD/Fs are considered to be aromatic structurd&end in the enthalpies of formation of several series of cyclic
like toluene or phenol’ species. In 1999, Kolesov etal®*® published
The motivation for this study on the PCDD/Fs is the needAH°®(298.15 K= —59.2+4.4 k3mol~*  for  dibenzop-
for the thermochemical data as a function of temperature foflioxin, based on a rotating-bomb calorimeter experiment;
use in the kinetic modeling of the pyrolysis and the oxidationthis value,—59.2+3.8 kJmol~*, was adopted by Dorofeeva
of chlorinated aromatic speciéBig. 1). Important products et al®® In a recent article by Pimenowet al.*® coauthored
detected in the pyrolysis and oxidation of chlorinated phewith Kolesov, a redetermined valueA¢H°(298.15 K)
nols and anisole include dibengedioxin, 1-chlorodibenzo- = —50.1+2.2 kImol~*, for dibenzop-dioxin was reported.
p-dioxin (1CDD), 1,9-dichlorodibenzg-dioxin (19DCDD), Here they indicated that low purity caused the different re-
dibenzofuran, 4-chlorodibenzofuraf4CDF), and 4,6- sults in their earlier experiments. We also calculate the
dichlorodibenzofurarf46DCDH.1° A{H°(298.15 K) of dibenzofuran and dibenpedioxin in
Three  fundamental thermochemical properties—this study as they are important species; a comparison of our
A{H°(298.15 K),S°(298.15 K),C;(T)—provide a basis for calculated values with experimental data serves as a test of
understanding and predicting the formation and degradationur working reaction calculation method. For PCDDI/Fs,
of PCDD/Fs. ThompsoA* evaluated the available data on chlorobenzenes,
There are a number of studies on the estimation of therehlorophenols, and chlorohydroquinnones. He recommended
mochemical properties ofchlorinated or nonchlorinatéd an additivity method where a value 6f29.5 kdmol ™! is
dibenzop-dioxins and dibenzofurans. Most of them useadded for each chlorine substitution in dibenedioxins or
group additivity (GA) methods, such as Shath??> Wu  dibenzofurans. An additional correction 7.5 kImol ™! is
et al,?® Thompsor?* and Dorofeeva and Gurvici. There  applied for each ortho/CI/Cl interaction, areR.5 kimol™?
are also a few results from semiempirical calculations: thecorrection for each meta/Cl/Cl interaction. Chlorination of
enthalpy of formation for 2,3,7,8-TCDD by Fokiet al,?®  one ring was considered to have no influence on the other
and the enthalpies of formation for tetra, penta, hexa, heptaing.
and octa-chlorinated dibenzmdioxins and dibenzofurans by ~ Kolesov et al3® measured the enthalpies of formation of
Koester and Hite&’ both of which used the modified neglect 1-chloro dibenzge-dioxin (88.2+4.8 k3mol™1), 2-chloro
of diatomic differential overlagMNDO) method in Molecu-  dibenzop-dioxin (—74.1+ 3.3 kIJmol™1), and 2,3-dichloro
lar Orbital PACkagg MOPAC). Saito and Fuw® have uti-  dibenzop-dioxin (—111.9+6.9 k3mol™!), using a rotating-
lized the Parametric Method numbe(BM3) method for the bomb calorimeter. Their results showed large differences
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Fic. 1. PCDD/F Formation from chlorophenolkmol™?Y). (a) Estimated from calculation on,o’-biphenol-dibenzofurar H,O at B3LYP/6-31Gd,p)
level. (b) Calculated at B3LYP/6-31@,p) level. (c) Estimated from Okamoto and Tomorfdri at B3LYP/6-31k +G(2d,2p)//
B3LYP/6-31G(d,p’).

with values of Shaud (—95.0, —137.7, and —204.0  parison of this group additivity estimation with literature val-
kdmol™1) and close agreements with values of Thomp&on ues also shows good agreement.

(—84.5, —84.5, —106.5 kdmol 1), respectively. The effect Dorofeevaet al3® developed a more straightforward esti-
of chlorination estimated from 1CDD on the enthalpy of for- mation method than Wat al.?® involving ten groups for GA
mation by Kolesowt al** is —29.0 kdmol™*, and the inter-  estimation of A{H°(298.15 K), $°(298.15 K), andC,(T)
action between oxygen and chlorine is unclear; but is re300-1500 K of 75 PCDDs and 135 PCDFs. They used
ported as less than 2 4adol L. experimental enthalpy of formation values from a few poly-

The geometry and vibration frequencies of 2,3,7,8-TCDDchlorinated chlorobenzenes, as well as dibepztiexin and
have been recently calculated by Lietal®’ at PM3, dibenzofuran, in deriving the groups. They also assumed that
MP2/6-31G, and B3LYP/6-311G levels. The same au- (i) Cl/Clinteraction on the same ring of PCDD/F is the same
thors also estimated the entropy and the heat capacity froms that in polychlorinated benzene, afiid chlorination on
298 to 1500 K plus the energy differences betwégp,o  one side of benzo ring of PCDD/F has no influence on the
andE ymo - other side.

The entropy of dibenzofuran, S$°(298.15K) This study estimates the fundamental thermochemical
=374.43K"1-mol™!, was experimentally determined by properties—A¢H°(298.15K), $°(298.15 K), andC,(T)—
Chirico et al 2 Dorofeevaet al® estimated this value using using density functional calculation methods for dibepzo-
statistical thermodynamics based on experimental and calculioxin, dibenzofuran, and 12 monochlorinated or dichlori-
lated vibrational frequencies, and their res@t(298.15K)  nated dibenzg-dioxins and dibenzofurans, 1CDD, 2CDD,
=375.93K mol™?!, is close to the value of Chirico 16DCDD, 18DCDD, 19DCDD, 28DCDD, 3CDF, 4CDF,
et al,* within 1.5 JK "1-mol~ 2. 16DCDF, 36DCDF, 37DCDF, and 46DCDHable 1. The

For dibenzop-dioxin, Thompsof* estimated enthalpy of formation of each species is obtained at each
$°(298.15 K)=296.0 3K 1-mol~! from Benson’s group calculation level using isodesmic working reactions, and the
additivity using a ‘cCHETAH®® computer databaseWith car-  data are compared with available literature. We also use
bonyl group is used for £/ O group. He found this value MOPAC6/PM3 to calculatéH°(298.15 K),S°(298.15 K),
was significantly different from the similar compound, and C;(T) of these species; these serve as reference data
dibenzofuran(see above so he suggested use the value ofbecause a number of the early studies, noted above, used
ShauB* (388.0 3K ~1-mol~%) as more accurate. Dorofeeva MOPACS.
et al*3 calculatedS°® (298.15 K)=396.5 3K ~*-mol~ L.

ThompsoA* suggested adding an entropy correction of
22.6 JK 1-mol™? for each chlorine substituted in place of a 2. Methodology
H atom. He suggested no interaction term for repulsive in-
teraction between multiple Cl's for the entropies of chlori- All calculations are performed using theaussiang4™®
nated dibenz@-dioxins and dibenzofurans. A set of groups program suite. The structure of each species is fully opti-
and a series of interaction groups were developed by Wmized at density functional B3LYP/6-31&Gp) level of
et al® in 1993 to improve the accuracy of thermodynamictheory. Harmonic vibration frequencies and zero-point vibra-
properties of multisubstituted aromatic compounds. Comtional energiesZPVE) are computed at the same level. Then
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1716 LI ZHU AND JOSEPH W. BOZZELLI

TaBLE 1. Abbreviations and given numbers of the species and groups studied in this work

Species Abbreviation Number
1,4-Dioxin 1
2,3-Benzodioxin 2
Dibenzop-dioxin 3
1-Chloro dibenzo-p-dioxin 1CDD 4
2-Chloro dibenzo-p-dioxin 2CDD 5
1,6-Dichloro dibenzo-p-dioxin 16DCDD 6
1,8-Dichloro dibenzo-p-dioxin 18DCDD 7
1,9-Dichloro dibenzo-p-dioxin 19DCDD 8
2,8-Dichloro dibenzo-p-dioxin 28DCDD 9
Furan 10
2,3-Benzofuran 11
Dibenzofuran 12
3-Chloro dibenzofuran 3CDF 13
4-Chloro dibenzofuran 4CDF 14
1,6-Dichlorodibenzofuran 16DCDF 15
3,6-Dichlorodibenzofuran 36DCDF 16
3,7-Dichlorodibenzofuran 37DCDF 17
4,6-Dichlorodibenzofuran 46DCDF 18
Polychlorinated dibenzo-p-dioxins and dibenzofurans PCDDI/Fs

Additivity groups
Skeletons of dioxin, gO,, no H’'s DD
Skeletons of furan, £, no H's DF
Ortho interaction between Cl and dibenpedioxin structure ORT/CI/DD
Meta interaction between Cl and dibenpedioxin structure MET/CI/DD
Ortho interaction between Cl and dibenzofuran structure ORT/CI/DF
Metainteraction between Cl and dibenzofuran structure MET/CI/DF

B3LYP/6-31Qd,p)-optimized geometrical parameters areisodesmic reactions; this working reaction analysis allows us
used to obtain the total electronic energies in B3LYP/6-to achieve an important cancellation of errors in the calcula-
31G(d,p) and B3LYP/6-31% G(3df,2p) single-point calcu- tion results. The total energies is corrected by the ZPVE,
lations. Curtisset al*® report that B3LYP/6-31@l,p) pro-  which is scaled by 0.9806, as recommended by Scott and
vides a highly accurate structure for compounds withRadom?® Thermal corrections from 0 to 298.15 K are calcu-
elements up to atomic number 10. Duférf has compared |ated to estimate total energies at 298.18°Khe basic re-
density functional calculations BHandH and B3LYP with quirement of an isodesmic reaction is that the number of
MP2 and Hartree—Fock methods for the geometry and vibragach type of bond is conserved in products and reactants.
tion frequencies. He reported that these density functionatne method of isodesmic reactions relies on the similarity of
methods provided an improved geometry and vibration fréy,o 1,4nding environments in the reactants and products that
quencies, relative to MP2 at reduced computation EXPENSEsads to partial cancellation of systematic errors in the den-
Peterssoff recommended use of B3LYP or BLYP for the sity functional andab initio molecular orbital calculatior®.

geomety and. the vibrational frequencies in several of h'%%edfernet al*” compared the deviation of enthalpies of for-
CBS calculation methods. Wong and Raddrshowed that . ) )
mation from experimental data for;€C,¢ n-alkanes using

the less expensive B3LYP/6-3115(3df,2p)// :
B3LYP/6-31Gd) procedure performs quite well for the cal- th_e B3LYF’ me‘hoc?- They showed that use of a_bond |so_des-
mic working reaction or a homodesmotic working reaction

culation of barriergtransition statesof methyl radical addi- A : S :
tion to alkenes. with a mean absolute deviation of aboulVith B3LYP calculations significantly improves the absolute
accuracy in the calculations. Chen and BozZ%&lialso

5.4 kImol~* from experimental values.
showed that the B3LYP method results in good agreement to
the values obtained with high level composite methods,
CBSQ and G@VIP2), for up to 5 carbon ethers and ether
The standard enthalpies of formation are obtained usingadicals.
total energies obtained by the B3LYP/6-3t(® and The following isodesmic reactions are selected to deter-
B3LYP/6-311+ G(3df,2p) calculation methods and generic mine A;H°(298.15 K) of the targetitalic) species:

2.1. AH°(298.15 K)

1,4-dioxin+2X CyHg— 1,4-dioxane- 2 X C,Hy,, (R1a
1,4-dioxin+ cyclopentane- 1,4-dioxane- cyclopentadiene, (R1b
1,4-dioxin+ cyclohexane- 1,4-dioxane- 1,3-cyclohexadiene, (R1o

J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003
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2,3-benzodioxin- C,H,— 1,4-dioxint benzene, (R2)
dibenzep-dioxin+ C,H,— 1,4-benzodioxir benzene, (R3
1-chlorodibenzep-dioxin+ benzene- dibenzop-dioxin+ chlorobenzene, (R43
1-chlorodibenzep-dioxin+ phenol- dibenzop-dioxin+ 2-chlorophenol, (R4b)
2-chlorodibenzep-dioxin+ benzene-» dibenzop-dioxin+ chlorobenzene, (R59
2-chlorodibenzep-dioxin+ phenol-dibenzop-dioxin+ 3-chlorophenal, (R5b)
1,6-dichlorodibenzep-dioxin+ 2 X benzene- dibenzop-dioxin+ 2 X chlorobenzene, (R6a
1,6-dichlorodibenzep-dioxin+ 2 X phenol- dibenzop-dioxin+ 2 X 2-chlorophenol, (R6b)
1,8-dichlorodibenzep-dioxin+ 2 X benzene- dibenzop-dioxin+ 2 X chlorobenzene, (R79

1,8-dichlorodibenzep-dioxin+ 2 X phenol- dibenzop-dioxin+ 2-chlorophenot 3-chlorophenal, (R7b

1,9-dichlorodibenzep-dioxin+ 2 X benzene- dibenzop-dioxin+ 2 X chlorobenzene, (R8a
1,9-dichlorodibenzep-dioxin+ 2 X phenol- dibenzop-dioxin+ 2 X 2-chlorophenol, (R8b)
2,8-dichlorodibenzep-dioxin+ 2 X benzene-dibenzop-dioxin+ 2 X chlorobenzene, (R93
2,8-dichlorodibenzep-dioxin+ 2 X phenol- dibenzop-dioxin+ 2 X 3-chlorophenol, (R9b
furan+ C3Hg— cyclopentadien¢ dimethyl ether, (R10

2,3-benzofuran- C,H,— furant+ benzene, (R1D

dibenzofuran- C,H,— 2,3-benzofuras benzene, (R12
3-chlorodibenzofuras benzene-» dibenzofurars- chlorobenzene, (R1339
3-chlorodibenzofuran phenol- dibenzofurar- 3-chlorophenol, (R13b
4-chlorodibenzofuras benzene- dibenzofurars- chlorobenzene, (R143
4-chlorodibenzofuras phenol- dibenzofuran- 2-chlorophenol, (R14b
1,6-dichlorodibenzofurarn 2 X benezene:dibenzofuran- 2 X chlorobenzene, (R159
1,6-dichlorodibenzofuran 2 X phenot dibenzofurar- 2 -chlorophenot 3-chlorophenol, (R15b
3,6-dichlorodibenzofuras 2 X benzene- dibenzofuras- 2 X chlorobenzene, (R16a
3,6-dichlorodibenzofuran 2 X phenol-dibenzofurar- 2-chlorophenot 3-chlorophenal, (R16b
3,7-dichlorodibenzofuran 2 X benezenesdibenzofuran- 2 X chlorobenzene, (R173
3,7-dichlorodibenzofuran 2 X phenol- dibenzofurar- 2 X 3-chlorophenol, (R17b
4,6-dichlorodibenzofuran 2 X benzene- dibenzofuran- 2 X chlorobenzene, (R183
4,6-dichlorodibenzofuran 2 X phenol- dibenzofurar- 2 X 2-chlorophenol. (R18b

The number of each bond type is conserved in reactionMCDD/F or DCDD/F are obtained using the rigid-rotor-
(R1)—(R18. As an example, there are two C-C, twe<C,  harmonic-oscillator approximation for the frequencies, along
four C-O, and 16 C-H in the reactants and product®dj,  \\ith moments of inertia based on the optimized B3LYP/6-
so(R1) is an isodesmic reaction. 31G(d,p) structure. Thesmcps computer prografii is used
for this calculation.

The low frequencies of chlorinated dibepeadioxins and

Contributions t0S°(298.15 K) andc:)(T) from transla-  polychlorinated benzenes below 260 cincorresponding to
tion, vibration, and external rotatiofTVR) of each the ring bending modes, were treated as internal rotators by

2.2. 5°(298.15K) and C,(T) (5<T/K=<6000)

J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003



1718 LI ZHU AND JOSEPH W. BOZZELLI

TaABLE 2. Calculated total energies at 298.18%

Species B3LYP/6-31@,p) B3LYP/6-311+ G(3df,2p) ZPVE“ H9e—Ho®
1,4-Dioxin (1) —305.122 6158 —305.233 0512 190.7 15.3
2,3-Benzodioxin(2) —458.744 5484 —458.895 5508 312.0 21.3
Dibenzop-dioxin (3) —612.364 8265 —612.556 2978 432.5 27.8
1CDD (4) —1071.963 1576 —1072.188 3174 407.8 31.1
2CDD (5) —1071.965 9911 —1072.191 0159 407.6 31.1
16DCDD (6) —1531.561 1775 —1531.820 0451 383.0 34.5
18DCDD (7) —1531.563 8853 —1531.822 7356 382.8 34.5
19DCDD (8) —1531.560 5090 —1531.8195715 383.0 34.5
28DCDD (9) —1531.566 7702 —1531.8255776 382.5 34.5
Furan(10) —229.9539102 —230.031 9813 180.6 12.2
2,3-Benzofuran(11) —383.560 9708 —383.680 3428 302.5 18.1
Dibenzofuran(12) —537.170 9796 —537.331 5606 423.6 24.8
3CDF (13 —996.772 6770 —996.966 8849 398.6 28.2
ACDF (14) —996.770 0590 —996.964 3403 398.9 28.2
16DCDF (15 —1456.371 4972 —1456.599 4433 374.3 315
36DCDF(16) —1456.371 2859 —1456.599 3147 373.8 31.6
37DCDF(17) —1456.373 9666 —1456.601 9466 3735 315
46DCDF(18) —1456.368 3240 —1456.596 5887 374.1 31.6

@All calculations are based on B3LYP/6-31G(d,p) optimized structures.

bTotal energiesZPVE and thermal corrections are inclugiéa hartree, 1 hartree627.51 kcalmol 1= 2625.5 kdmol 2.
Scaled by 0.9806 as recommended by Scott and Rafdom.

9In units of kdmol ™.

Leon et al®® in the evaluation of the thermal correction to benzo ring,~1.40 A on the furan or dioxin ring, whereas the
the enthalpies. This is a result from studies on molecule€—0 bond is in the range of 1.37-1.38 A. All C-H and
with internal rotors where the harmonic oscillator model failsC—Cl bonds are in the ranges of 1.08—1.09 and 1.74-1.75 A,
to describe internal rotors adequately when the barrier toespectively.

rotation is close to or below the thermal energy. In the limit Harmonic vibrational frequencies and moments of inertia
of high temperatures or low frequencies, a harmonic oscillacalculated at the B3LYP/6-31@,p) level on the basis of
tor contributesRT but a free rotor only contributes (1R)l  optimized geometries at this same level of theory are listed
to heat capacities. Nicolaidext al>! recommended that in- in the Appendix(Supplemental Materials)2

ternal rotations with frequencies below 260 chbe treated

as free rotors rather than as harmonic oscillators in the evalu-

ation of AH(T) at 298.15 K. In these chlorinated dibengo- 3.2. AH"(298.15K)

dioxin and dibenzofuran systems the low frequency modes The enthalpies of formation for all target species are ob-
are not internal rotations; they are a riigr multi-ring)  tained using the isodesmic reaction method at two different
bending or distortion. We feel the frequency of the vibrationpeT jevels of theory.

is not the deciding issue. The important feature is whether The total energies at 298.15 Rable 2 are used to obtain
the average potential energy increases with the excitatiofhe enthalpy changes of the isodesmic reacticfable 3.
energy of a degree of freedofas in an oscillatoror remains  The enthalpies of formation for the reference species used in
constant(as in translational motion or a free rofo¥We sug-  tne isodesmic reactions are summarized in Table 4.

gest the ring bending vibrations in PCDD/Fs are probably e have used the isodesmic reactions and total energies at
between (1/ZRT to RT. We concur these vibrations are not g3 yp/6-311+ G(3df,2p)//B3LYP/6-31Gd,p) to calculate
harmonic, but the scale of the anharmonicity effects are Unge enthalpies of formationyH°(298.15 K), for all chlo-
dermined here. We choose to use the corresponding calCiphenzenes and chlorophenols. Details on these results are
lated vibration frequencies in our estimation of entropy, heayjscussed by Zhat al®2 and some results on chlorobenzenes

capacity, and ZPVE. and chlorophenols are listed in Table 5. Comparisons of our
. ) results with available literature data show good agreement
3. Results and Discussion for dichlorbenzenes and monochlorophenols, some of which

3 1. Geometries are used as reference species in this study. These data also

provide some indication on the accuracy of our methods for
The geometries for the 12 mono- or di-chlorinatedestimation enthalpies. The largest discrepancy42
dibenzop-dioxins or dibenzofurans from the fully optimiza- kJmol™?%, is in the A;H°(298.15 K) of hexachlorobenzene
tion at the density functional theoryDFT) B3LYP/6-  from our calculation and the experiment by Platonov and
31G(d,p level are shown in the AppendiSupplemental Simulin*® in 1985. Additional experiments and calculations
Materials 1. For each species, the optimized geometryby the scientific community are needed to resolve this dis-
shows a planar structure. The C—C bond-i$.39 A on the crepancy in enthalpy values.

J. Phys. Chem. Ref. Data, Vol. 32, No. 4, 2003



THERMOCHEMICAL PROPERTIES OF CHLORINATED DIBENZODIOXINS AND DIBENZOFURANS 1719

TaBLE 3. CalculatedA ,,H (298.15 K/kJmol ! of isodesmic reactiofis

B3LYP/6-31Qd,p B3LYP/6-311+ G(3df,2p)

Isodesmic reactions //IB3LYP/6-313d,p)

(R13 1,4-dioxin+2 X C,Hg— 1,4-dioxane-2X C,H, 59.3 50.6
(R1b) 1,4-dioxin+ cyclopentane- 1,4-dioxane- cyclopentadiene —20.2 —22.2
(R10 1,4-dioxin+ cyclohexane-1,4-dioxanet 1,3-cyclohexadiene -2.9 —-6.4
(R2) 2,3-benzodioxin- C,H,— 1,4-dioxint+ benzene 19.4 154
(R3) dibenzep-dioxin+ C,H,— 2,3-benzodioxir benzene 15.0 10.8
(R4a 1CDD+ benzene-dibenzo-p-dioxin- chlorobenzene -10.4 -9.9
(R4b) 1CDD—dibenzo-p-dioxin-2-chlorophenol -15.7 -16.2
(R53@ 2C DD+ benzene-dibenzo-p-dioxin- chlorobenzene -29 —-2.8
(R5b) 2CD D+ phenot- dibenzo-p-dioxin- 3-chlorophenol —-3.8 —-4.9
(R63 16DCDD + 2 X benzene-dibenzo-p-dioxin- 2 X chlorobenzene —-21.5 —-20.5
(R6b) 16DCDD+ 2X phenot- dibenzo-p-dioxin- 2 X 2-chlorophenol —-32.3 -33.2
(R73 18DCDD + 2 X benzene-dibenzo-p-dioxin- 2 X chlorobenzene —-14.4 -13.4
(R7b 18DCDD+ 2X phenot- Dibenzo-p-dioxint+ 2-chlorophenot 3-chlorophenol —20.6 —-21.9
(R83 19DCDD + 2 X benzene-dibenzo-p-dioxin- 2 X chlorobenzene —23.3 —-21.7
(R8b 19D CDD+ 2X phenot- dibenzo-p-dioxin- 2 X 2-chlorophenol —-34.0 —34.4
(R9a 28DCDD + 2 X benzene-dibenzo-p-dioxin- 2 X chlorobenzene -6.9 -6.0
(R9b) 28DCDD + 2 X phenot-dibenzo-p-dioxin- 2 X 3-chlorophenol -85 —10.2
(R10 furan+ CsHg— cyclopentadiene CH;—O—CH; 99.9 91.3
(R1D) 2,3-benzofurar- C,H,— furan+benzene -19.7 -21.7
(R12 dibenzofurar- C,H,— 2,3-benzofurar benzene -11.9 —14.2
(R133 3CDF+ benzene-dibenzofurar-chlorobenzene -15 -1.2
(R13b 3CDF+ phenol-dibenzofuran- 3-chlorophenol —-2.4 -3.3
(R143 4CDF+ benzene-dibenzofurar- chlorobenzene -8.4 -7.9
(R14b 4CDF+ phenotdibenzofurar-2-chlorophenol -13.8 —-14.2
(R153 16DCDF+ 2 X benzene-dibenzofuran-2 X chlorobenzene -10.6 -9.6
(R15bh 16D CDF+ 2 phenot-dibenzofurar-2-chlorophenot 3-chlorophenol —16.8 —18.1
(R16a 36D CDF+ 2 X benzene-»dibenzofuran- 2 X chlorobenzene -11.2 -10.0
(R16b 36D CDF+ 2 phenot-dibenzofurar-2-chlorophenot 3-chlorophenol —17.4 —18.5
(R173 37DCDF+ 2X benzene-dibenzofurar-2 X chlorobenzene —-4.1 -3.0
(R17bh 37DCDF+ 2 phenot-dibenzofurar- 2 X 3-chlorophenol -5.8 -7.3
(R183 46D CDF+ 2Xx benzene-dibenzofurar- 2 X chlorobenzene —18.9 -17.1
(R18b 46D CDF+ 2 X phenol-dibenzofurar-2x 2-chlorophenol —29.7 —29.8

&The low values(near zerp of A\H(298.15 K) indicate the similarity in energies on both sides of working reaction and suggest effective cancellation of
errors if species structures are similar.

Dibenzop-dioxin and dibenzofuran are also important reference species used in calculatigi °¢®298.15 K) of all the
mono- and di-chloro DD/Fs in this study. We start by calculating Akl °(298.15 K) of these two species to show the
accuracy of our calculation methods. We use several different working rea¢Rins(R2), (R3), (R10), (R11), and(R12
stepwise for this purpose:

(R1a,(R1b),(R10 (R2) (R3)
1,4-dioxane ——  1,4-dioxin——— 2,3-benzodioxin—— dibenzop-dioxin;

(R10 (R1D) (R12
cyclopentadiene—— furan——— benzofuran——— dibenzofuran.

The close agreement(precision in the calculated AH°(298.15 K) for 1,4-dioxan&] ethane* and ethylené?
AH?(298.15 K) values of dibenzp-dioxin and dibenzofu- There is no experimental or literature data on
ran from these working reactions with the available literatureA H°(298.15 K) for 1,4-dioxin as we know.
value$*® also serves to validate the literature values of The enthalpy of formation of 2,3-benzodioxin,
dibenzop-dioxin and dibenzofuran. A¢H°(298.15 K)=—71.2 kmol™?, is obtained from reac-

The enthalpy of formation of  1,4-dioxin, tion (R2) based om\{H°(298.15 K) of 1,4-dioxin. We have
AH°(298.15 K)= —86.0 kdmol %, is calculated from reac- not found any literature values for thiH°(298.15 K) of
tions (R1a to (R1lg and the literature values of 2,3-benzodioxin.
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TaBLE 4. Enthalpies of formation for reference spediaad literature cita- The enthalpy of formation of 2,3-benzofuran,
tiony A¢H°(298.15 K)=17.0 kdmol™ !, is obtained from reaction
Species AH°(298.15 K)/kdmol~* (R11) based on theA{H°(298.15 K) value of furan com-
on 240 0.5° puted above. This result is in good agreement with the avail-
CiHZ 840t 0.6 able literature data of Steele and Chifto(13.6
CoHs 10470590 +0.7 k3mol™%) and Notarioet al®* (16.7 kdmol ™).
1,4-Dioxane —315.8t0.8"g The enthalpy of formation of dibenzofuran,
Cyclopentane ~74.6:0.8 A{H°(298.15 K)=58.2 kmol™ !, is obtained in reaction
Cyclonexane “i23.40.87 R12) based on théH°(298.15 K) value of 2,3-benzof
1,3-Cyclohexadiene 106:20.9% (R12) ase on thé (_ . _) vaiue o e énzoturan
Furan —34.9+0.7%° we obtained above. This result is 2.9-mdl ~ higher than
Cyclopentadiene 134131-532 the experimental values of Chiricet al®>? The value of
Benzene 82.60.7 Chirico et al,*255.3+ 0.3 kdmol ™%, is adopted in the calcu-
Chlorobenzene 52:01.3" . . ) .
Dimethy! ether 1841+ 0.5 lations of mono- and di-chloro furans in reactiof®13)—
Phenol —96.4+0.9%° (R18).
2-Chlorophenol —131.8£9.3 (See Table b The calculated\;H°(298.15 K) values for 12 mono- and
g.ggﬁrggﬁx‘f:] 11 ggﬁggﬁ(see Tevle ® di-chloro DD/Fs are shown in Table 6. The average of two
Dibenzofuran 553 0,452 yalues f:alculatgd aF B3LYP/6-331G(3df,2p) by two
isodesmic reactions is our recommend&gH®(298.15 K)
value for each species of mono- and di-chloro DD(Fable
. : o 7).
The enthalpy of formation of dibenzpdioxin, The error for DFTAH°(298.15 K) listed in Table 7 com-

° o —-1 . .
AfH®(298.15 K)=—51.8 kdmol *, is obtained from the ices the standard deviaton of two calculated
B3LYP/6-311+G(3df,2r)//B3LYP/6-31G’d,p) level in re- AfHo(29815 K) Valueiat BSLYP/6-311|—G(3df,2p) level

action .(R:.g) ba_sed on. the AH°(298.15K) qf 2,3- and two isodesmic reactionthe cumulative uncertainties in
benzodioxin. This result is in good agreement with the ex-y H°(298.15 K) for the reference species in Table 5, as well
perimental value A{H°(298.15 K)= —50.1+ 2.2 k3mol™ 1, f ' P ’

H H —1 45,57
determined by Pimenowet al3® in 2002. We adopt the value as(;he unlcerlte;m(;y frc:jm £RVE calgul(?'ilr?ns, 1'8;]“6'_ "
of Pimenoveet al,*® in reactiong R4)—(R9) for the enthalpy ur calculated and recommended thermochemical proper-

of formation calculations of other mono- and di-chlorinated!!eS for dibenzgs-dioxin, dibenzofuran and 12 mono- and
dibenzop-dioxins. di-chlorinated DD/Fs are compared with available literature

The enthalpy of formation of furanA;H°(298.15 K) data and MOPACG6/PM3 results in Table 7. It is seen that for
literature values ofAH°(298.15K) for cyclopentadiene, kJ}mol™* lower than the experimental data of Kolesov

n-propane, and dimethyl ether. The result is 1.5-4.2¢tal®® The GA estimations by Shatbare significantly
kJmol~! lower than the data compiled by Pedletyal>*and  lower than our DFT calculation results, the differences range

the two calculation results of Feller and Fr&hz—32.2 from 22.2 kdmol™* for 1-chlorodibenzge-dioxin to 109
+2.1 kImol™%) and Notarioet al3* (—33.5 kdmol %), re-  kdmol™*  for  2,8-dichlorodibenzg-dioxin.  The
spectively. PM3-A{H°(298.15 K) results are generally8 and ~55

TaBLE 5. Comparison of calculatefi{H°(298.15 K)/kdmol~! for selected chlorobenzenes and chlorophenols with literature data

Cox and Yan Platnov and Leon

Species Pedlegt al* Pilcher® NIST-TRC*® et al%® Simulin®® et al>® DFT®
1,2-Dichlorobenzene 30:22.1 29.7+1.6 29.7 33.0 34.82.0 34.1+3.9
1,3-Dichlorobenzene 25472.1 255-2.1 25.5 28.1 2462.0 24.73.9
1,4-Dichlorobenzene 22451.5 22.2-1.3 22.2 24.6 2482.0 24.7-3.9
1,2,3-Trichlorobenzene 9.0 8:21.8 3.8 19.225 19.5-6.4
1,2,4-Trichlorobenzene -0.2 49+1.6 -8.0 9.1+25 9.4-6.4
1,3,5-Trichlorobenzene -6.9 —-2.6x1.4 -13.3 0.6:2.5 0.6-6.4
1,2,3,4-Tetrachlorobenzene —-9.6 —25.4 6.2:2.9 6.5-8.9
1,2,3,5-Tetrachlorobenzene —-20.1 —-34.9 —3.4+x2.9 —-3.1+8.9
1,2,4,5-Tetrachlorobenzene —-23.4 —32.6 —4.8+2.9 —4.3+8.9
Pentachlorobenzene -29.0 —-40.0 —-5.9+3.2 —4.4+11.4
Hexachlorobenzene —-35.5+9.4 —36.0-9.6 -33.9 —44.7 —4,5+3.2 —2.6-13.9
2-Chlorophenol —131.9+6.5
3-Chlorophenol —153.3+8.7 —153.6-8.8 —127.8:6.5
4-Chlorophenol —145.8-8.7 —146.08.8 —125.6-6.5

@Density functional theory, calculated at B3LYP/6-34G(3df,2p//B3LYP/6-31G(d,p) from unpublished work in this group.
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TaBLE 6. CalculatedA{H°(298.15 K)/kdmol ™! using isodesmic reactions

B3LYP/6-31Gd,p)  B3LYP/6-311 G(3df,2p)

Species FronR,,s /IB3LYP/6-31Gd,p) Xavgt 0°
1,4-Dioxin (1) (R1a —-102.3 —93.6

(R1b —86.7 —84.7 —86.0+7.0

(R10 —83.3 —79.8
2,3-Benzodioxin(2) (R2) ~75.2 -71.2
Dibenzop-dioxin (3) (R3) —56.0 —51.8
1CDD (4) (R4a -70.3 -70.8

(R4b —69.8 —69.3 —70.1+1.1
2CDD (5) (R53 —77.8 —-77.9

(R5b) =77.7 —-76.5 —77.2+1.0
16DCDD (6) (R63 —89.8 -90.8

(R6b) —88.7 —87.8 —89.3+2.1
18DCDD (7) (R7a -96.9 -97.9

(R7b —96.2 —95.0 —-96.4+2.1
19DCDD (8) (R8a —88.0 —89.6

(R8b) —86.0 —86.9 —88.1+2.1
28DCDD (9) (R99 —-104.4 —-105.3

(R9b) —104.3 -102.5 —103.9-2.0
Furan(10) (R10 —-45.0 —36.4
2,3-Benzofuran(11) (R11) 15.0 17.0
Dibenzofuran(12) (R12 55.9 58.2
3CDF (13 (R133 26.2 25.9

(R13b 26.3 27.3 26.61.0
4CDF (14) (R143 33.1 325

(R14b 33.6 34.1 33.31.1
16DCDF (15) (R15a 4.7 3.7

(R15b 5.3 6.6 5221
36DCDF(16) (R16a 5.2 4.0

(R16b 5.9 7.0 5521
37DCDF(17) (R173 -1.8 -2.9

(R17) -1.6 0.0 —1.5+2.0
46DCDF(18) (R18 13.0 11.2

(R18 14.1 14.2 12.72.1

@Average of data from B3LYP/6-31.G(3df,2p) level only.

kdmol™! higher than the DFT calculatel;H°(298.15K) inclusion of other substituent$:?° The GA strategy and no-

for these dibenz@-dioxins and dibenzofurans. menclature developed by Dorofeeeaal® is adopted be-
. cause we feel it is more straightforward to use than the
3.3. 5°(298.15K) and C,(T) (5<T/K=6000) method of Wuet al?®> The method for GA is summarized

$°(298.15K) andC;(T) values, obtained from the fre- here with examples provided:

quencies along with moments of inertia based on the optitl) The skeletons of dioxin and furan rings /@, and GO,
mized B3LYP/6-31&d,p) structure and using themcpg® no hydrogensin dibenzop-dioxin and dibenzofuran are
computer program, are listed in Tables 8 and 9. Heat capaci- the two basic groups, named as DD and DF. These two
ties for the temperature range of 5-6000 K are listed in the  groups alone canot be used to calculate values of 1,4-
Appendix (Supplemental Materials)3 dioxin and furan;

Our calculated S°(298.15 K) and C;(T) values for
dibenzop-dioxin and dibenzofuran are in good agreement o)
with the NIST-TRC® values. The PM3 determined DD [ ] DF o
$°(298.15 K) anoC;(T) values are generally in good agree- o || ”
ment with the DFT calculated results for mono- and di-

chioro DD/Fs. (2) The G/H, Cg/Cl groups on dibenzp-dioxins and

dibenzofurans are the same as those groups in benzene
and chlorobenzene;

Group values are derived to allow estimation of larger(3) No interaction between the two benzo rings on dibenzo-
molecules based on these dibeqedioxin and dibenzofuran p-dioxins and dibenzofurans is considered;
structures, as well as estimation of larger PCDD/Fs. Group4) Theortho (meta)interactions between Cl and the dioxin
additivity also permits estimation of biradical species and  (furan ring are named as ORT/CI/DEDRT/CI/DF and

3.4. Group Values
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TasLE 7. Ideal gas phase enthalpies of formatiani°(298.15 K)/kdmol™* &P

Species Expt. Review MOPAC6/PM3  Group additivity DFT
1,4-Dioxin (1) —138.6 —86.0
2,3-Benzodioxin(2) -91.0 —71.2
Dibenzop-dioxin (3) —50.1+2.2%¢ —-62.6° -39.5 —-62.82 —-51.8
—59.2+ 4 43564 —55.0% —61.3:1.4°
—59.2+3.8%
1CDD (4) —88.2+4.8° —60.2 —95.0°2 —70.1+15.3
-89.8:10.0° —79.8:4.9°
2CDD (5) —74.1+3.3° —66.3 —137.7 —77.2+15.3
—89.8+10.0° —87.0+4.9°
16DCDD (6) —-80.9 —127.2? —89.3+26.6
18DCDD (7) —86.9 —170.¢° —96.4+26.6
19DCDD (8) —-80.7 —127.22 —88.1+26.6
28DCDD (9) -92.6 —212.7? —103.9+26.5
Furan(10) —34.78 -16.9 -36.4
—34.9+0.7° —33.54
—32.2+2.1%
2,3-Benzofurar(11) 13.6+0.7°° 50.2 17.0
16.7*
Dibenzofuran(12) 55.3+0.3% 83.4+4.7° 106.7 55.3* 58.2
47.3+4.6% 83.3+5.07° 55.3+0.3% 51.9+6.7%*
84.1%
3CDF (13 79.1 26.6+13.4
ACDF (14) 85.8 33.3+135
16DCDF (15) 61.5 5.2+24.7
36DCDF(16) 58.3 5.5+24.7
37DCDF(17) 52.0 —1.5+24.6
46DCDF (18) 65.0 12.7+14.6

@Data without superscript are work in this study.

PData in bold are recommended.

‘Density functional theory, calculated at B3LYP/6-34G(3df,2p//B3LYP/6-31G(,p) in this study if no
superscript.

MET/CI/DD (MET/CI/DF). No para interaction between /\
Cl and the dioxin(furan) ring is considered(These are MET/CY/DF o

adjustments foortho and metapositions relative to the Cl
para)

ORT/CY/DD \ According to the above GA rules we have the following
1 equations for the dibenzp-dioxin, dibenzofuran, and the 12
5 0 3 mono-, and di-chlorinated dibengedioxins and dibenzo-
furans:
3 () p: 7
4 s dibenzo-p-dioxin- DD+ 8 Cg /H, (1)
MET/C/DD /\ dibenzofurar- DF+8 C3/H, 2)
CI\C[OD 1CDD=DD+7 Cg/H+ Cgz/CI+ORT/CI/DD, (3)
(0] 2CDD=DD+ 7 Cg/H+ Cg/CI+MET/CI/DD, (4)
16DCDD=DD+6 C3/H+2 C3/Cl+ ORT/CI/DD,
ORT/CV/DF /\ Co Co (5)
Cl 5
4 0 6
3 O 7 18DCDD=DD+6 C3z/H+2 Cz/Cl+ ORT/CI/DD
1 9 8 +MET/CI/DD, (6)
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TaBLE 8. Ideal gas phase entropie®(298.15 K)/3dK ~1-mol~* 2P

Species Expt. Review  MOPAC6/PM3 Statistical thermodynamics  “DFT
1,4-Dioxin (1) 281.4 284.3
2,3-Benzodioxin(2) 347.3 347.1
Dibenzop-dioxin (3) 387.7° 392.3 387.8 389.4
396.5°
1CDD (4) 440.1 420.9 436.5
437.43
2CDD (5) 440.6 436.6
16DCDD (6) 464.4 460.9
18DCDD (7) 470.4 466.3
19DCDD (8) 464.9 460.8
28DCDD (9) 459.4 460.5
Furan(10) 267.28 268.1 266.5
2,3-Benzo furarn(1l) 329.2 325.9
Dibenzofuran(12) 374.4+0.6% 378.4 375.8 373.9
3CDF (13 413.6 409.7
4CDF (14) 412.3 409.7
16DCDF (15) 4433 438.9
36DCDF(16) 4433 439.9
37DCDF(17) 437.9 434.0
46DCDF(18) 437.8 434.1

#Data without superscript are work in this study.
PData in bold are recommended.
‘Density functional theory, calculated at B3LYP/6-31G(d,p) in this study.

19DCDD=DD+ 6 Cg/H+ 2 Cz/Cl+ ORT/CI/DD, DD=dibenzop-dioxin—8 Cz/H;
(7 DF=dibenzofurar-8 Cg/H.

28DCDD=DD+6 Cg/H+2 C/Cl+2MET/CI/DD,
®)

3CDF=DF+7 Cg/H+ Cg/Cl+MET/CI/DF, (9)

3.4.2. ORT/CI/DD, ORT/CI/DF, MET/CI/DD, MET/CI/DF

. ORT/CI/DD is the average value from Ed8) and (5);
4CDF=DF+7 Cg/H+ Cg/Cl+ ORT/CI/CF, (10) MET/CI/DD is the average value from Eqggl) and(8);
16DCDF=DF+ 6 Cg/H+2 Cg/Cl+ORT/CI/DF ORT/CI/DF is the average value from EdS) and(13);

MET/CI/DF is the average value from Eq4.0) and(14).
+MET/CI/DF, 11

36DCDF=DF+6 Cg/H+2 C3/CI+ ORT/CI/DF i L
3.4.3. Comparison of Results from Group Additivity with

+ MET/CI/DF, (12 Recommended Calculated Data
=DF+ + + , . .
37DCDF=DF+8 G/H+2 Go/Cl 2MET/CI/DF(,13) A comparison of the calculated thermochemical properties
of the 12 mono-, di-CDD/Fs with GA results is listed in
46DCDF=DF+6 Cg/H+2 C3/CI+20RT/CI/DF. Table 11. The GA results are in good agreement with the

(14 recommended values. The differences are all wittih.6

The above relationships are for enthalpies and heat capadimol™ for AH°(298.15K). The differences for
ties. Entropy values are intrinsiinclude no symmetry com- S°(298.15K) are all within+8.8 JK™:mol™". There are
ponenj. The method for derivation of these groups is de-almost no differences between calculated and GA heat ca-
scribed by Sun and Bozzeft. pacities at 300—1500 K.

All groups used in this study are listed in Table 1¢./8 The interaction of a chlorine in aortho position with the
group is calculated from one sixth of benzene, argf@ oxo link (ORT/CI/DD) is 10.9 kJmoI’l, which is hlgher than
group is from chlorobenzene minus five times the value ofthe interaction ofmetaposition(MET/CI/DD), 3.6 kmol ™™,
Cg/H group. In contrast, the interaction afrtho position (ORT/CI/DP is

2.1 kImol™?, lower than the interaction ofneta position
3.4.1 DD and DF (METI/CI/DF), 9.0 kdmol ™. Each interaction of ORT/CI/DD
or MET/CI/DD lowers theS°(298.15K) of PCDD by 7

These two groups are derived from the thermochemical-K ~*-mol™%; but smaller changé 3K ~*-mol™%) occurs for
properties of dibenzg-dioxin and dibenzofuran and Eq4) PCDF. The four types of interactions do not have a signifi-
and(2). cant effect on the heat capacities.
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TaBLE 9. Ideal gas phase heat capaciti€g(T)/J-K ~*-mol~* &°

Species 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
1,4-Dioxin (1) DFT 81.8 105.8 125.6 141.2 163.8 179.3 202.0
PM3 82.0 106.2 126.1 141.9 164.8 180.4 203.2
2,3-Benzodioxin(2) DFT 129.9 171.0 205.0 231.9 270.5 296.5 333.7
PM3 128.2 168.4 202.2 229.3 268.9 295.8 329.9
Dibenzop-dioxin (3) DFT 178.4 236.5 284.5 322.6 377.2 413.7 465.4
PM3 175.0 231.1 278.6 317.0 394.1 411.4 465.1
Review?® 177.0 236.2 284.8 323.9 379.6 416.6

Statistical thermodynamits 180.2
1CDD (4) DFT 194.4 251.5 298.2 335.1 387.6 422.2 470.7
PM3 190.8 245.9 292.0 329.3 383.4 419.6 470.1

Statistical thermodynamits 195.9
2CDD (5) DFT 194.8 251.8 298.5 335.4 387.8 422.4 470.7
PM3 190.8 245.9 292.1 329.3 383.4 419.6 470.1
16DCDD (6) DFT 210.5 266.4 311.9 347.6 397.9 430.8 476.0
PM3 206.4 263.1 305.5 341.5 393.4 427.9 475.1
18DCDD (7) DFT 210.8 266.9 312.3 347.9 398.1 430.9 476.0
PM3 206.5 260.7 305.5 341.5 393.4 427.9 475.1
19DCDD (8) DFT 210.4 266.4 311.9 347.6 397.9 430.8 476.0
PM3 206.5 260.7 305.5 341.5 393.5 427.9 475.1
28DCDD (9) DFT 211.1 267.2 312.6 348.2 398.4 431.1 476.1
PM3 205.6 260.0 304.9 341.0 393.1 427.6 475.0
Furan(10) DFT 64.5 87.1 105.9 120.9 142.3 156.9 178.3
PM3 65.2 87.1 105.6 120.5 142.2 157.0 178.8
Review® 65.6 87.5 107.7 124.1 143.8 157.6 180.1
2,3-Benzo furan(11) DFT 112.8 152.2 184.9 211.0 248.4 273.6 309.8
PM3 112.7 150.9 183.1 209.1 247.1 273.0 310.1
Dibenzofuran(12) DFT 161.7 217.5 264.1 301.2 354.6 390.5 441.3
PM3 160.5 214.6 260.4 297.5 351.9 388.9 441.3

Statistical thermodynamits 163.5
3CDF (13 DFT 178.0 232.9 278.2 314.1 365.2 399.1 446.6
PM3 176.0 229.1 273.6 309.5 361.8 397.0 446.2
ACDF (14 DFT 177.6 232.4 277.7 313.6 364.9 398.9 446.6
PM3 175.6 228.8 273.3 309.3 361.7 396.9 446.2
16CDF(15) DFT 193.5 247.4 291.5 326.2 375.3 407.5 451.8
PM3 191.5 243.6 286.8 321.5 371.7 405.1 451.2
36CDF(16) DFT 193.9 247.8 291.9 326.6 375.6 407.6 451.9
PM3 191.6 243.7 286.9 321.6 371.8 405.2 451.2
37CDF(17) DFT 194.3 248.3 292.3 326.9 376.3 407.8 452.0
PM3 191.9 244.0 287.2 321.9 372.0 405.3 451.3
46CDF (19 DFT 193.5 247.2 291.3 326.1 375.3 407.4 451.9
PM3 191.6 243.6 286.9 3215 371.8 405.2 451.3

@Data without superscript are work in this study at B3LYP/6-84,@ level.
PDFT and PM3 are from calculations in this study.

It is seen from the groups in Table 10 that chlorinat{an 23DCDD=DD+6 Cg/H+2 Cg/Cl+2 MET/CI/DD
H atom replaced by a Cl atom in the benzene rirggults in
a —30.6 kdmol™! (Cz/Cl—Cg/H) change. As more Cl at- +ORT/CI/CI; (159
oms are added this chlorination value decreases; this is ac-
counted for by the Cl/Cl interaction groups. 2378TCDD=DD+4 Gg/H+4 Cg/Cl+4 MET/CI/DD

We also list theAfH°(298é%E_> K) of gaseous 23DCDD and +2 ORT/Cl/CL (163
2378TCDD by Papinat al.’“ in Table 12. They measured
for 23DCDD, AH°(298.15 K)=—111.9-6.9 kmol *, by If we do not considered the interaction between the two Cl

rotating-bomb calorimetry and estimated for 2378TCDD,atoms on this same benzo ring, i.e.,

A{H°(298.15 K)= — 164.6 kdmol 1. We estimate

A{H°(298.15 K) of 23DCDD and 2378TCDD as96.4 and 23DCDD=DD+ 6 C3/H+ 2 Cg/Cl+2 MET/CI/DD;
—142.7 kdmol~! using GA shown in Eqs(159 and (163, (15b)
which are 16 and 22 khol ™%, respectively, higher than the

values by Papinat al, but close to the calculation results of 2378TCDD=DD+4 Cg/H+4 C3/Cl+4 MET/CI/DD.
Leon et al®® (16b)
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TaBLE 10. Group values for PCDDF

1725

\ Co(T)
AH° S
Groups (298.15 K (298.15 K 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
Central groups

Cg/H Bensofi® 13.8 48.1 13.5 18.4 22.7 26.1 31.2 34.7 40.0
Cg /CIP —16.8 78.3 29.6 33.8 36.9 39.0 41.8 434 45.2
DD This work —160.3 10.2 70.8 89.1 103.1 113.6 127.6 135.9 145.7

Dorofeevaet al®® -169.3 20.8 11.8 19.3
DF This work —54.9 —-11.0 54.1 70.2 82.7 92.2 105.0 112.6 121.6

Dorofeevaet al®® —54.8 -5.0 46 -4.6

Interaction groups

ORT/CI/CF 12.8 =15 -0.5 -0.5 —-0.4 -0.3 -0.1 0.0 0.0
ORT/CI/DD This work 10.9 7.0 -0.2 -0.4 -0.5 -0.4 -0.2 -0.1 0.0
MET/CI/DD This work 3.6 6.9 0.2 0.0 -0.1 -0.1 0.0 0.0 0.0
ORT/CI/DF This work 2.1 2.7 0.2 0.0 0.0 0.0 0.1 0.0 0.1
MET/CI/DF This work 9.0 2.8 -0.3 -0.5 —-0.6 -0.5 -0.3 -0.2 0.0

2A(H°(298.15 K)/kdmol™; $°(298.15 K)/3K ™ *mol~*; C (T)/3K ™ L-mol™.
From G;/H and NIST-TRC(Ref. 58 thermochemical properties of chlorobenzene.
°From thermochemical properties of 1,2-dichlorobenz&ne.

Then A{H°(298.15 K) of 23DCDD and 2378TCDD are CI/DF are derived independently from the ORT/CI/CI group.
estimated as-109.2 and—168.2 kdmol ! using GAin Eqs. When group additivity is used for 23DCDD or 2378TCDD,
(15b) and(16b), respectively. These values show smaller dis-in which there is an interaction between the two adjacent ClI
crepancies, 2.7 and-3.6 kmol !, respectively, from the atoms on the same benzo ring, we adopt the ORT/CI/CI
values by Papinat al. group value, 12.8 kiol™* for enthalpy, from 1,2-

We have calculated parameters for the 12 mono- or didichlorobenzene. The results in Table 12 show that omission
chlorinated dibenz@-dioxins and dibenzofurans which do of this ORT/CI/CI correction results in better agreement for
not have the ORT/CI/CI interactions. The six new groupsthe enthalpy estimate of 23DCDD and 2378TCDD with val-
DD, DF, ORT/CI/DD, MET/CI/DD, ORT/CI/DF, and MET/ ues in the literature. Additional experimental or computa-

TaBLE 11. Comparison of thermochemical properties from group additivity with the recommended®values

i Cy(T)
AH° S
(298.15 K (298.15 K 300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
1CDD (4) Cal@ —-70.1 436.5 194.4 251.5 298.2 335.1 387.6 422.2 470.7
GA —69.9 432.3 194.4 251.5 298.2 335.1 387.6 422.2 470.7
2CDD (5) Cal@ —77.2 436.6 194.8 251.8 298.5 335.4 387.8 422.4 470.7
GA -77.1 432.2 194.8 251.8 298.5 335.4 387.8 422.4 470.7
16DCDD (6) Cal® —89.3 461.0 210.5 266.4 311.9 347.6 397.9 430.8 476.0
GA —89.6 469.4 210.4 266.4 311.9 347.6 397.9 430.8 476.0
18DCDD (7) Cal® —-96.4 466.3 210.8 266.9 312.3 347.9 398.1 430.9 476.0
GA —-96.9 469.4 210.8 266.8 312.3 347.9 398.1 430.9 476.0
19DCDD (8) Cal@ —88.0 460.8 2104 266.4 311.9 347.6 397.9 430.8 476.0
GA —89.6 469.4 210.4 266.4 311.9 347.6 397.9 430.8 476.0
28DCDD (9) Cal® —103.9 460.5 211.1 267.2 312.6 348.2 398.4 431.1 476.1
GA —-104.1 469.3 211.1 267.2 312.6 348.2 398.3 431.1 476.1
3CDF (13 Cal@ 26.6 409.7 178.0 232.9 278.2 314.1 365.2 399.1 446.6
GA 26.7 406.8 178.0 232.9 278.2 314.1 365.3 399.1 446.7
ACDF (14 Calc* 33.3 409.7 177.6 232.4 277.7 313.6 364.9 398.9 446.6
GA 33.6 406.9 177.6 232.4 277.7 313.6 364.9 398.9 446.6
16DCDF (15 Cal® 5.2 438.9 193.5 247.4 291.5 326.2 375.3 407.5 451.8
GA 5.1 439.8 193.9 247.8 291.8 326.5 375.6 407.6 451.9
36DCDF(16) Cal@ 55 439.9 193.9 247.8 291.9 326.6 375.6 407.6 451.9
GA 5.1 439.8 193.9 247.8 291.8 326.5 375.6 407.6 451.9
37DCDF(17) Cal@ -1.5 434.0 194.3 248.3 292.3 326.9 376.3 407.8 452.0
GA -1.8 439.8 194.4 248.3 292.3 327.0 376.0 407.8 452.0
46DCDF(18) Cal@ 12.7 434.1 193.5 247.2 291.3 326.1 375.3 407.4 451.9
GA 12.0 439.8 193.5 247.3 291.3 326.1 375.2 407.4 451.9

*See Tables 7, 8, and &;H°(298.15 K)/kimol~%; $°(298.15 K)/3K~L-mol~%; C (T)/+K~L-mol 2.
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TaBLE 12. Comparison of thermochemical properties of 23DCDD and 2378TCDD from group additivity with literature*values

. Co(M
AH® S
(298.15 K (298.15K 300K 400K 500K 600K 800K 1000K 1500 K
2,3-Dichloro dibenzgs-dioxin Papinaet al® -111.9
(23DCDD) Leonetal®  —102.0
Symmetry=2 Kolesovet al®® -111.9
ShauB?  —204.0
ThompsoR*  —106.5
Dorofeevaet al3® -112
GAP —-96.4 449.3 211.8 266.8 3124 3481 398.3 431.0 476.1
GA® —109.2 456.5 212.3 267.3 312.8 348.4 398.4 431.0 476.1
2,3,7,8-Tetrachloro dibenzo-dioxin Papinaet al®>  —164.6
(2378TCDD Leonetal®  —141.7
Symmetry=4 Ritter/Bozzellf”  —440.6
ShauB?  —345
Dorofeevaet al®  —164
GAP —142.7 503.5 245.1 297.1 340.4 373.6 419.4 448.3 486.8
GAS —168.2 517.9 246.1 298.1 341.2 374.1 419.6 448.4 486.7

°A(H°(298.15 K)/kdmol™L; $°(298.15 K)/IK ~L-mol™2; Cy(T)/FK ™ mol .
PThis work, using Egs(15a or (16a), consider ORT/CI/CI.
“This work, using Egs(15b) or (16b), not consider ORT/CI/CI.

tional studies by the research community are needed to im-

6. References

prove our knowledge on the enthalpies of these higher

chlorinated dibenz@-dioxins and dibenzofurans.

4. Summary

The structures of dibenzo-dioxin, dibenzofuran, and 12
mono-, di-chlorodibenzg-dioxins and dibenzofurans are
studied by B3LYP/6-31@l,p) DFT calculations. The recom-
mended enthalpy of formation value$;H°(298.15 K), of
each chlorinated dibenzsdioxin and dibenzofuran species

is the average of values from two isodesmic reactions calcus

lated the B3LYP/6-31% G(3df,2p) level based on the
B§LYP/6-31Gd,p) optimized geometryS°(298.15 K) and
Cp(T) (5=T/K<6000) are determined by B3LYP/6-

31G(d,p) optimized geometries and frequencies. The thermo

dynamic properties are determined for two groyp® and
DF) and four interaction group&rtho/CI/DD, meta/CI/DD,
ortho/CI/DF, and meta/Cl/DFwhich are useful for group
additivity estimation of thermochemical data, namely,
A{H°(298.15 K),S°(298.15 K), ancCL(T), on higher chlo-
rinated PCDD/Fs.
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7. Appendix: List of Supplemental Materials

SUPPLEMENTAL MATERIALS 1: Geometries at B3LYP/6-31@,p) level (in A and degrep

Species (ID #) Structure Bond length Bond angle Dihedral  angle
21 1.330
1,4-Dioxin . . . 32 1.389 d321  123.98
@ H(T) o S Qi T0) 13 1389 4432 112.07 4321 0.00
C(1) c(5) 154 1.330 d543  123.95 d5432 0.00
165  1.389 d654  123.98 46543 0.00
71 1.081 d712  123.29 d7123  180.00
HTM“ 182 1.081 ds21  123.23 ds213  180.00
A% 0(3) {9) 94 1081 do43 11279 49432 180.00
~ r105  1.081 d1054 123.23 d10543  180.00
21 1.399
2,3-Benzodioxin r32 1.393 d321  120.02
@ 43 1.399 d432  120.00 d4321 0.00
o~ 154 1.389 ds43  119.98 d5432 0.02
H(11) 61  1.389 d612  119.98 d6123 -0.03
o - _ 76 1.385 d761  118.13 d7612  -179.96
H (12 g L SR B(5) 187 1383 ds76 114.42 48761  -179.58
c(2) c(6) &(8) 98  1.330 d987 12371 49876  -0.43
I 1109 1.383 d1098 123.72 d10987 0.00
o e &) r111 1.085 di112  121.66 di123  179.99
HOTTP N e e Ao, 1122 1085 d1221  119.56 d12213  -180.00
w L) oo TS 133 1085  di332 12043 d13321  -180.00
HII ) rl44  1.085  d1443  121.65 d14432  -179.99
& r158  1.080  d1587 11272 d15876  179.55
r169  1.081 d1698 123.57 d16987  179.98
21 1.397
Dibenzo-p-dioxin r31 1.390 d312  119.87
3) 43 1.400 4431 120.08 d4312| 0.00
54 1.390 d543  120.09 ds5431' 0.00
62 1.394 d621  120.05 d6213 0.00
73 1.381 d731  118.12 d7312  -179.99
_ ~ 87 1.381 ds73  116.41 d8731  -179.98
H(15) H(19) 198  1.400 4987  121.79 49873 -0.03
_ < - N - r109  1.381 d1098  121.80 d10987 0.00
H ngfg)aﬁ)s’g)\c@%glc\)ﬁ")?o) r118 1390  di1187 118.13 d11873  179.97
I I I r1211  1.397  di12118 119.87  d121187 -180.00
B Ty By ek r1312 1394 di131211 12004  d1312118 .00
H(18 57'5)"'(}(”1 0’)" Sl 4’)‘1{‘( 21) r149 1.390 d1498 120.08 d14987 180.00
¥ = Y r151  1.085 dis12  121.71 d15123  180.00
H(17) H(22) 162 1.085 d1621  119.55 d16213  -180.00
1175 1.085 d1754 118.42 d17543  180.00
r186  1.085 d1862  120.41 d18621  180.00
11911 1.085 d19118 11842  d191187 0.00
2012 1.085 d201211 11955  d201218  180.00
2113 1.085 d211312 12040 d21131211  -180.00
2214 1085  d22149 11842  d221498 -180.00
Dibenzo furan 21 1.399
1-Chloro 21 1.396
Dibenzo-p-dioxin r31 1.389 d312 119.63
(1CDD) 43 1.402 d431  120.80 44312 0.00
) 54 1.396 d543  118.83 d5431 0.00
162 1.392 d621 12044 d6213 0.00
73 1.379 4731 117.87 d7312  -180.00
87 1.382 d873  116.75 d8731  -180.00
98  1.398 dos7  121.62 d9873 0.00
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SUPPLEMENTAL MATERIALS 1: Geometries at B3LYP/6-31@,p) level (in A and degrep—Continued

—~ rl04 1372 d1043  122.12 d10431  179.99
cl(15) . r119  1.389 d1198  120.29 d11987  -179.99
H(19) ri211 1397 d12119 119.67  d121198 0.00
. e C.&l) (Ao)r1312 1395 d131211 12009  d1312119 0.00
H(18)m o $U SOV aH(20) 1148 1390  d1487 11826 d14873  -180.00
SEey T T Ty T ) r155 1750 d1554  119.18 d15543  -180.00
I rl61  1.084 d1612  121.86 d16123  -180.00
_C(2) C(3) C(8) _C(l3) rl72 108 d1721  119.76 d17213  180.00
H(']_'7‘)"}ﬁ’)“'3“~f)va(l4’)"f{(21) ri86  1.083 d1862 121.32 d18621 -180.00
Y =~ I r1911 1085  d19119 11850  d191198  180.00
H(l6) H(22) 12012 1.085 d201211 11953  d2012119 -180.00
) 2113 1.085 d211312 12037 d21131211  180.00
2214 1.085  d22148 11854  d221487 0.00
2-Chloro r21 1.397

Dibenzo-p-dioxin r3l 1.390 d312  119.78
(2CDD) 43 1.399 d431  120.17 d4312 0.00
o) 154 1.390 d543  120.10 d5431 0.00
162 1.395 d621  120.06 d6213 0.00
_ 73 1.383 d731  118.06 d7312  -180.00
H(19) H(15) 187 1.377 d873 11637 ds731  -179.97
—~ PR —- A - 198 1.400 4987 121.88 49873 -0.03
Cl(20) _c(11). O(7) L CL1)H(16) 1109 1378  di098 121.84 d10987  0.00
DAL ST CD s 1390 dils7 11774 di1873 17997
I T T ](i6) ri21l 1395  d12118 119.01  d121187  179.99
c(4a) C(6). ri1312 1392 di131211 121.33  dI312118 0.00
_Q(13‘)“,CV9LA,L )C‘(“g,’) THT118) r149  1.389 d1498  119.85 d14987  -180.00

H(2TT C(12) 0(10)
< Y = I rl51  1.085 d1512 12176 d15123  -180.00
H(22) H(17) r162  1.085 d1621  119.54 d16213  180.00
r175  1.085 d1754  118.45 d17543  180.00
ri86  1.085 d1862  120.38 d18621  -180.00
ri911  1.083  d19118 119.31 d191187 0.00
12012 1758 d201211 118.97  d2012118 -180.00
2113 1.083  d211312 12043 d21131211  180.00
12214 1085  d22149 11855  d221498  -180.00
1,6-Dichloro r21 1.396

Dibenzo-p-dioxin r3l 1.389 d312 119.42
(16DCDD) 43 1.400 d431  120.95 44312 0.00
6 154 1.396 d543  118.96 d5431 0.00
162 1.392 d621  120.50 d6213 0.00
~ 73 1.380 d731  117.85 d7312  179.96
Cl(15) ~ 87 1374 ds73  116.91 8731 179.67
Hg_o ) 98 1.400 d987  121.89 9873 0.35
H(AgkC(SJEAB@Q.C(lQ,H("l) rlod  1.374 d1043  121.89 d10431  179.98
ST T Xty r119  1.389 d1198  120.96 d11987  179.97
T I r1211 1396 d12119 11942  d121198 0.00
_COy_ By cTa b r1312 1392 d131211 12051  d1312119 0.00
HABY O7] 877 — oO~H(22) 48 139 d1487 119.15 d14873  -179.67
¥ ~ 1155 1749 d1554 119.25 d15543  180.00
H(17) rl614 1749  d16148 11925  d161487 0.03
ci(le) r171  1.084 d1712  122.04 d17123  179.99
ri82  1.085 d1821  119.77 d18213  -179.99
rl96  1.083 d1962  121.26 d19621  179.99

12011 1.084 d20119 118.55 d201198 180.00
r2112 1.085 d211211 119.76 d2112119  -179.99
r2213 1.083 4221312 121.26 d22131211 180.00
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SUPPLEMENTAL MATERIALS 1: Geometries at B3LYP/6-31@,p) level (in A and degrep—Continued

1,8-Dichloro r21 1.396
Dibenzo-p-dioxin r31 1.389 d312  120.29
(18DCDD) 43 1398 4431  119.88 4312 0.00
) 54 1.389 d543 12056 5431 0.00
162 1393 d621  119.10 46213 0.00
— 73 1379 4731 118.47 d7312  179.99
Cl(18) H®1) 87 1380 873 11675 8731  179.92

b —~ 1 1.401 d987 121.30 d9873 0.08
o1 09 S5 Cl(227r00 1375  d1098 122.05 d10987 0.00
H (19 ) -%— -}?)v%fﬁ rl19 1396  di1198 11897 d11987  179.99
ri211 1397  dI2119 12066  d121198 0.0

P r1312 1392 d131211 11954  dI312119 0.0

<13 (a%A C(3) m IS(Z)(‘ r148 1389 d1487 117.89 d14873  -179.92
H( '0)*%( %" (N T HAT) 514 1084 15148 11852 di51487 0.00
- I - T rl6l  1.085  di1612 121.08 d16123  180.00
H(15) H(1l6) r172  1.083  d1721 120.53 d17213  -180.00
- ri811 1749 d18119 11925  di81198  180.00
r1912 1084 d191211 119.18  d1912119 -180.00
2013 1085 d201312 119.75 d20131211  180.00
215  1.083  d2154 119.31 21543 -180.00
226 1756 d2262  119.70 22621 180.00
1,9-Dichloro r21 1.396

Dibenzo-p-dioxin B3l 1.389 312 119.47
(19DCDD) 143 1.400 d431  120.88 d4312 0.0
@) 154 1.396 543 119.02 d5431 0.00
162 1.392 d621  120.49 6213 0.00
73 1379 d731  117.94 d7312  179.96
87 1.379 873 117.08 8731 179.67
98 1.400 987  121.17 d9873 0.36
~ _ I r109 1375  d1098 121.99 d10987 0.00
H(19) C(5) 0o(10) ~_rl19 1396  d1198 119.01 di1987  179.97
: ?(‘6’) v "\c‘("gf)c Q%)r%(y@l’ (1211 1397 d12119 12057  d121198 0.0
r1312 1392 d131211 11959  d1312119 0.00
B I r148 1389  d1487 117.95 d14873  -179.67
gl CL3) _ C(8)  c(13) 1155 1.747 d1554  119.35 d15543  -180.00
COIH™H(22) rl614  1.084  d16148 118.61  d161487 0.03
T =~ > 171 1084  dI712 12192 di7123  179.99
H{17) H(l6) r182  1.085  di821 11975  dI8213  -179.99
r196  1.083  d1962 121.27 di19621  180.00
2011 1747  d20119 11933  d201198  180.00
2112 1.084 d211211 119.14  d2112119  -179.99
2213 1.085  d221312  119.76 d22131211 _ 180.00

2,8-Dichloro r21 1.395

Dibenzo-p-dioxin Bl 1390 d312 11895
(28DCDD) 43 1.399 d431 12047 d4312 000
®) 154 1.389 543 119.86 ds5431 0.00
162 1.393 d621 12130 d6213 0.00
H(19) H(15) 73 1379 d731  117.67 47312 180.00
Py 1 - 1 (T W 1319 d873 11632 8731 179.97
CLZY)_c@y. o c . =% 08 1399 d987 121.85 49873 0.03
cd%)” c(& i rl09 1379  d1098 121.83 d10987 0.00
(Jig) c‘(L9 ) C:([Q c:([s) 118 1390 d1187 117.67 11873  -179.97
C(I3)_C(_C4)_ Cc(&)- = 11211 1395 di2118 11894  d121187 -180.00
H(21Y c(14) o(@6) c(5) B8 4312 1303 d131211 12130  di312118 0.00
H(22) #007) r149 1389  d1498 119.86 d14987  180.00
‘ . r151 1083  dI512 12170 d15123  180.00
162 1756  d1621 118.98 d16213  -180.00
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SUPPLEMENTAL MATERIALS 1: Geometries at B3LYP/6-31@,p) level (in A and degrep—Continued

rl75 1.085 d1754 118.61 d17543  -180.00
r186 1.083 d1862 120.40 d18621 180.00
r1911 1.083 d19118 119.37 d191187 0.00

2012 1.757 d201211 11898 d2012118 180.00

12113 1.083 d211312 12040 d21131211 180.00

12214 1.085 d22149 118.60 d221498 180.00
Furan = r21 1.360

(10) H (&) PAEY H1(9) 132 1435 d321  106.10
~C(1) c(4)™ 43 1.361 d432  106.10 d4321 0.00
I 154 1.364 ds543  110.51 d5432 0.00
e 61 1.079 d612  133.70 d6123  -180.00
SEAR 72 1.080 d721  126.51 d7213  180.00
HfJ(7)” H(8) 83 1.080 d832  127.39 ds321  180.00
< e 94 1.079 d943  133.70 d9432  -180.00
2,3-Benzofuran 21 1.392
an o 32 1.408 d321  121.37
43 1.394 d432  121.28 d4321 0.00
154 1.390 d543  116.41 d5432 0.00
61 1.403 d612  118.44 d6123 0.00
176 1444 d761  135.93 d7612  179.98
87  1.355 d876  106.03 dg761  179.97
95  1.370 dos4  125.96 d9s543  179.99
rl0l  1.086 d1o12 12075 d1o123  179.99
112 1.086 d1121  119.49 d11213  -180.00
rl23  1.086 d1232  119.40 d12321  -180.00
r134  1.084 d1343 12224 d13432  180.00
rl47  1.080 d1476  127.68 d14761 0.00
r158 1079 d1587 13255 d15876  -179.99
Dibenzo furan r21 1.399
(12) 31 1.408 d312  118.99
43 1.388 d431  123.34 d4312 0.00
54 1.396 ds43  116.66 d5431 0.00
62 1.394 d621  118.62 d6213 0.00
. — 73 1.377 d731 111.63 d7312  -179.99
H(15) - H(18) 87 1377 d873  105.99 ds8731 0.00
\C% o(7) C%) 198 1.408 d987 111.63 d9873 0.00
H(1 m/w)“cm eT B st (7o) rl08  1.388 d1087 125.03 d10873  -180.00
(18T .I c(1iy="'r1110 1396  d11108  116.66 d111087 -179.99
EB-ET0) I r1211 1405 dl121110 12133  d1211108 0.00
o= N\ CT12) r1312  1.394 d131211 121.06 d13121110 0.00
W"‘cm c(13) N30, 142 1.086 d1421 12077 d14213  180.00
H(17) ¢ I = r154  1.084 d1543 12122 d15431 -180.00
H(14) H({21) rl65  1.086 dle6s4 119.18 d16543  -180.00
r176  1.086 d1762  119.58 d17621  -180.00
r1810  1.084  d18108 121.22 d181087 0.00
r1912  1.086 d191210 119.19  d1912108  179.99
r2013  1.086 d201311 119.36 d20131110 -180.00
2111 1.086 d211112 12060 d21111211  180.00
3-Chloro 21 1.399
Dibenzo furan 131 1.408 d312 119.00
(3CDF) 43 1.387 d431  123.40 d4312 0.00
(13) 154 1.396 d543  116.59 ds5431 0.00
162 1.394 d621 118.56 d6213 0.00
73 1.379 d731  111.60 d7312  180.00
87  1.374 ds73  105.95 dg731 0.00
98  1.408 dog7 111.73 d9873 0.00
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SUPPLEMENTAL MATERIALS 1: Geometries at B3LYP/6-31@,p) level (in A and degrep—Continued

_ — rl08 1388  d1087 124.57 d10873  180.00
H %f) o 1}5) r1110 1394  d11108 11584  d111087 -180.00
r1211 1403 d121110 12252  d1211108 0.00
Cf%l)t‘_(}ﬁo TR - Gefi32 1393 dBIIL 12007 dIBL21110 000
< T(11) c5r3% r142 1086  di421 12080 d14213  180.00
€T r154  1.084  di1543  121.23 d15431  180.00
12|/~ N T6) r165 1.086  d1654 119.20 d16543  -180.00
w15y C@3) CL2I SNgqy 1176 1085 dI762  119.57 d17621  180.00
E pd I 270 (1810 1.083  d18108 122.02  d181087 0.00
H(20) H(14) r1912  1.084 d191211 11935 d19121110  180.00
2013 1.085 d201312 119.92 d20131211 -180.00
2111 1758 d211110 118.67  d2111108 -180.00
4-Chloro r21 1.400
Dibenzo furan r31 1.407 d312 119.03
(4CDF) 43 1.387 d431 12345 d4312 0.00
a4 154 1396 ds43 11653 d5431 0.00
162 1.393 d621 118.51 46213 0.00
—~ 73 1379 d731  111.60 47312 179.99
Cl(18) = 87  1.369 ds73  105.82 ds731 0.00
-, I:(ES) 198  1.409 do87 112.14 49873 0.00
07 1108 1390  d1087 125.81 d10873  180.00
. RN T e . ni10 1394 d11108 11792 d111087  -180.00
“c(11) I ca{Le) 211 1403  d121110 12057 - d1211108 0.00
ST r1312 1393  di31211 12139 d13121110 0.00
ClI el N 76 rl42  1.086  dld421 120.82 d14213  -180.00
18 C({i) C2T e ri54 1084 dIS43 12123 d15431  180.00
- 1{30) H&Z) = rl65 1086  d1654 119.19 d16543  -180.00
= © 1176 1.085  d1762 119.57 d17621  180.00
r1810 1748  d18108 12076  d181087 0.00
11912  1.085 di191211 118.80 d19121110  180.00
12013 1.085 d201312 120.68 d20131211  180.00
2111 1084 d211110 11898 d2111108  180.00
1,6-Dichloro r21 1.399
Dibenzo furan r31 1.410 d312 117.52
(16DCDF) 43 1.387 d431  124.07 4312 0.00
A5) . 154 1.395 ds43 11648 ds5431 0.00
cl (21) _ 62 1392 d621  120.10 46213 0.00
713 1375 4731 111.31 d7312  -180.00
87 1369 ds73  106.06 ds731 0.00
98  1.409 4987 11221 d9873 0.00
rl08 1390  d1087 125.54 d10873  -180.00
11110 1394  d11108 117.82  d111087  180.00
11211 1403 d121110 12051  d1211108 0.00
11312 1393  d131211 12161 d13121110 0.00
rldd 1084  di443 12118 d14431  180.00
r155  1.085  di1554 119.48 d15543  180.00
1166 1.084  d1662 119.41 d16621  180.00
11711  1.084 d171110 11899  d1711108 -180.00
1812 1.085 d181211 11877 d18121110  180.00
r1913  1.083 di91312 12095 d19131211 -180.00
1202 1756  d2021 120.38 d20213  -180.00
2110 1748  d21108 12073  d211087 0.00
3,6-Dichloro 21 1.399
Dibenzo furan 31 1.409 d312  119.60
(36DCDF) 43 1.390 d431  122.16 44312 0.00
(16) 154 1395 ds43  117.79 d5431 0.00
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SUPPLEMENTAL MATERIALS 1: Geometries at B3LYP/6-31@,p) level (in A and degrep—Continued

162 1393 d621  118.40 6213 0.00
. 73 1.371 d731 11211 d7312  -180.00
{21 187 1375 d873  105.78 d8731 0.00
\L H(16) 198 1.407 d987  111.71 9873 0.00
oT7) Iy r108 1387 d1087 12450 d10873  -180.00
_ Gl \,m.c.(lO) _rl110 1394  d11108 11572  d111087 -180.00
HZ0rRS (3) L8 W\«?l);l\(}9 ri21l 1404 dI21110 12255  d1211108 0.00
e Z%“i)—ew) c{ r1312 1392 di131211  120.12  di3121110 0.00
1142 1.085 d1421  120.90 d14213  -180.00
,\%@tﬁg/)w %3§_<12) r156  1.085 d1562  119.78 d15621  -180.00
H{15) ' ¥ HQAT7) r1610  1.083  d16108 122.08  d161087 0.00
H{14) H{18) r1712 1084 d171211 11933 d17121110  180.00
= r1813  1.085 di81312 119.96 di8131211  180.00
r1911 1757  d191110  118.68  d1911108  180.00
205  1.084  d2054 118.96 d20543  180.00
214 1747 d2143  120.80 d21431  -180.00
3,7-Dichloro 21 1.399

Dibenzo furan r31 1.408 d312 118.75
(37DCDF) 43 1387 d431 12375 d4312 0.00
a7 54 1394 d543  115.78 d5431 0.00
62 1.393 4621  119.08 d6213 0.00
H(15) u(is) 73 1375 a731 11172 d7312  -180.00
b 0T T 187 1375 d873  105.89 d8731 0.00
C(4)_am?~am C{10) 198 1.408 987 111.72 d9873 0.00
C1<16%7»5/)vt(3) CL8T ™ N\ C1(21 1108 1387  d1087 12453 d10873  -180.00
< c<1)—e‘(§ c(1l) r1110 1394  d11108 11578  d111087  -180.00
r1211 1403 di21110  122.53  d1211108 0.00
A%,@)t%/)w ngg.g,l@ ri312 1393 d131211 12012 d13121110 0.00
H(17) ~ H{9) rl42  1.085 d1421  120.99 d14213  -180.00
H(14) H(20) r154  1.083 d1543  122.08 d15431  180.00
- - 165 1757 d1654  118.67 d16543  180.00
1176  1.084  d1762 120.54 d17621  -180.00
r1810  1.083  d18108 122.08  d181087 0.00
ri912 1084 di191211 11934 di9121110  180.00
2013 1.085 d201312 11993 d20131211  -180.00
2111 1757 d211110 118.67  d2111108  180.00

4,6-Dichloro r21 1.399

Dibenzo furan r31 1.408 d312 119.66
(46DCDF) 43 1.390 d431  122.19 d4312 0.00
as) 54 1394 ds43 11771 d5431 0.00
162 1393 d621  118.35 46213 0.00
73 1371 d731  112.08 d7312  -179.99
187 1.371 d873  105.69 d8731 0.00
98  1.408 4987  112.08 d9873 0.00
r108 1390  d1087 125.73 d10873  180.00
r1110 1394  d11108 11771 di11087  -180.00
r1211 1403 di21110 12066  d1211108 0.00
r1312 1393 di31211 12142 d13121110 0.00
142 1.085 d1421  120.90 d14213  -180.00
r154 1746 d1543  120.86 d15431  180.00
r165  1.084  di654 118.93 d16543  -180.00
1176 1.085 d1762  119.80 d17621  180.00
1810 1746 d18108 120.86  d181087 0.00
1912 1.085 d191211 11878 dI9121110  180.00
12013 1.085 d201312 12074 d20131211  -180.00
2111 1.084 d211110 11892  d2111108 -180.00
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SUPPLEMENTAL MATERIALS 2: B3LYP/6-31Gd,p)-determined harmonic vibrational frequencies and moments of inertia of mono- and di-chloro dibenzo-

dioxins and dibenzofurans

LI ZHU AND JOSEPH W. BOZZELLI

. la Ib Ic

Species Frequency
(Symmetry No) (cm™h (amu bohf)
1,4-Dioxin (1) 88 444 525 546 704 758 759 873 880 911 940 1040 1065 1078 288.38 335.82 624.20
Sym=8 1248 1319 1343 1437 1731 1787 3249 3253 3270 3273
2,3-Benzodioxin 78 175 295 387 464 490 498 544 559 585 693 751 755 765 826 857 590.01 1410.63 2000.63
2 867 915 931 966 1030 1063 1099 1123 1180 1186 1233 1306 1336
Sym=2 1357 1400 1502 1542 1652 1661 1763 3192 3204 3212 3219 3256

3276
Dibenzop-dioxin 35 126 232 241 273 304 399 442 456 465 542 551 556 574 623 680 845.26 3781.52 4626.78
3 682 696 742 763 765 854 856 857 861 903 931 932 966 966 1057
Sym=8 1058 1117 1137 1180 1180 1211 1219 1257 1298 1314 1335 1348

1373 1490 1512 1538 1548 1637 1642 1672 1685 3193 3193 3205

3205 3214 3214 3220 3220
1CDD (4) 33 87 152 189 244 276 292 307 382 426 459 491 536 548 548 554 642.95 2122.30 2765.24
Sym=1 586 657 680 686 694 765 773 779 858 858 888 895 935 941 956

969 1057 1093 1126 1172 1180 1201 1217 1249 1271 1306 1337

1342 1371 1490 1509 1517 1544 1630 1634 1668 1680 3195 3204

3207 3216 3221 3222 3230
2CDD (5) 30 103 165 167 240 288 288 342 350 454 457 463 478 552 562 580 978.34 6569.13 7547.47
Sym=1 584 648 669 692 726 748 765 817 858 858 866 872 932 934 935

969 1058 1098 1123 1145 1181 1210 1219 1256 1279 1307 1334

1344 1368 1452 1504 1533 1545 1633 1636 1668 1684 3196 3207

3214 3216 3222 3232 3234
16DCDD (6) 31 57 136 155 174 214 248 280 307 356 367 415 432 517 533 537 2156.84 6261.18 8418.00
Sym=2 546 550 558 617 666 681 693 705 774 775 830 857 891 892 924

959 959 964 1090 1096 1165 1175 1196 1215 1250 1252 1277

1336 1340 1366 1488 1506 1516 1519 1625 1630 1660 1673 3207

3208 3225 3225 3232 3232
18DCDD (7) 30 76 120 141 204 218 245 295 297 350 365 408 457 470 509 536 1985.21 7510.26 9495.47
Sym=1 549 564 579 616 668 669 690 727 774 792 818 859 870 890 932

937 942 958 1093 1097 1139 1172 1201 1217 1248 1268 1285

1333 1341 1363 1453 1502 1514 1536 1628 1630 1661 1678 3207

3216 3223 3231 3233 3236
19DCDD (8) 3256 117 157 200 211 251 278 308 328 389 400 447 519 533 538 2604.88 5171.64 7776.50
Sym=2 546 551 556 608 681 683 693 700 774 775 802 888 889 889 934

949 958 959 1093 1095 1165 1176 1195 1215 1239 1261 1283

1336 1337 1366 1489 1510 1512 1519 1624 1631 1660 1673 3205

3205 3222 3222 3229 3230
28DCDD (9) 26 86 126 147 178 233 251 274 338 359 359 390 453 461 488 514 595.78 4649.85 5245.56
Sym=2 578 581 582 595 664 680 681 742 772 818 819 866 866 867 889

936 937 949 1097 1099 1134 1148 1210 1218 1257 1273 1289

1330 1345 1360 1442 1467 1530 1541 1628 1633 1662 1682 3215

3216 3233 3234 3235 3235
Furan(10) 614 623 728 761 839 879 886 890 1022 1071 1098 1173 1220 1296 190.78 195.04 385.81
Sym=2 1430 1529 1614 3260 3271 3295 3301
2,3-Benzofuran 221 255 408 432 549 583 598 621 749 763 782 782 864 868 870 460.68 1089.39 1550.07
(11 912 937 977 1037 1067 1129 1161 1180 1203 1287 1297 1372
Sym=1 1403 1493 1518 1592 1642 1670 3183 3195 3205 3219 3263 3291
Dibenzofuran 109 154 221 298 320 432 433 454 525 567 574 582 628 671 734 791.39 3015.08 3806.47
(12 757 760 767 774 864 866 867 868 937 938 976 978 1022 1040
Sym=2 1047 1127 1139 1177 1184 1224 1231 1278 1312 1341 1375 1400

1484 1496 1514 1531 1636 1645 1653 1685 3186 3187 3196 3197

3208 3209 3222 3222
3CDF (13 69 146 165 200 279 318 344 359 440 453 509 540 575 577 607 657 814.78 5661.78 6476.56
Sym=1 711 728 756 767 768 823 864 866 870 913 939 948 979 1022 1043

1082 1131 1154 1182 1223 1231 1262 1295 1335 1370 1390 1463

1494 1499 1528 1627 1641 1650 1682 3188 3198 3201 3210 3223

3227 3239
4CDF (14) 90 119 147 213 271 297 330 393 441 460 524 566 571 580 585 645 1372.63 4111.49 5484.12
Sym=1 695 733 754 766 792 824 864 869 884 899 941 964 980 1038 1058

1086 1135 1171 1184 1212 1233 1265 1293 1339 1373 1396 1458
1492 1514 1528 1627 1642 1650 1682 3187 3194 3197 3208 3209
3221 3223
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SUPPLEMENTAL MATERIALS 2: B3LYP/6-31Gd,p)-determined harmonic vibrational frequencies and moments of inertia of mono- and di-chloro dibenzo-
dioxins and dibenzofurans—Continued

. la Ib Ic
Species Frequency
(Symmetry No) (cm™Y (amu bohf)
16DCDF (15 66 99 133 179 180 228 304 330 336 386 411 487 506 540 577 577 2012.77 5269.72 7282.49
Sym=1 589 593 673 710 729 750 785 795 861 865 893 907 941 967 972
1050 1084 1093 1166 1172 1199 1226 1264 1282 1307 1370 1394
1454 1462 1511 1524 1620 1632 1645 1677 3200 3202 3220 3224
3230 3237
36DCDF(16) 67 97 118 190 219 225 280 321 352 385 404 442 516 532 572 577 1570.77 7137.61 8708.39
Sym=1 605 609 661 730 737 746 789 824 835 864 871 901 919 950 966
1054 1082 1086 1152 1176 1211 1234 1261 1268 1326 1367 1386
1451 1475 1495 1524 1625 1633 1646 1678 3197 3202 3211 3223
3228 3241
37DCDF(17) 50 110 127 181 235 256 256 325 369 374 411 445 450 551 563 584 407.23 4292.25 4699.48
Sym=2 604 609 694 725 733 747 773 817 829 867 870 899 925 949 951
1022 1083 1083 1142 1162 1222 1231 1257 1275 1320 1367 1380
1460 1467 1493 1518 1624 1633 1646 1680 3200 3201 3226 3227
3239 3240
46DCDF(18) 70 96 110 179 207 231 294 299 336 389 412 492 510 532 573 580 2274.83 4969.81 7244.64
Sym=2 585 598 689 727 735 745 782 798 850 876 900 902 909 965 968
1078 1083 1090 1170 1181 1207 1230 1263 1263 1332 1370 1392
1450 1466 1515 1524 1625 1634 1645 1677 3195 3196 3209 3211
3222 3222
SupPPLEMENTAL MATERIALS 3: Calculated heat capacities of 18 species at 5—6000rHol 1-K ~1)2
Temp (K) 1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 17 18
5 333 333 333 333 334 333 334 333 335 333 333 333 333 333 333 333 333
50 38.2 404 451 500 494 551 546 554 541 333 341 399 445 449 50.0 499 495
100 415 508 628 73.0 727 833 829 832 827 335 421 56.2 658 665 764 76.1 755
200 56.8 859 1159 131.3 1315 146.7 1469 146.6 147.0 431 722 103.1 1185 1184 133.6 1339 1339
298 80.7 129.0 177.2 193.2 193.6 209.2 209.6 209.2 2099 64.1 112.0 1605 176.9 176.4 1924 192.8 193.2
300 81.2 1299 1784 1944 1948 210.5 210.8 2104 211.2 645 112.8 161.7 178.0 177.6 1935 1939 1943
400 105.0 171.0 236.5 2515 251.8 266.4 266.9 266.4 267.2 87.1 152.2 2175 2329 2324 247.4 247.8 248.3
500 124.8 204.9 2845 298.2 2985 311.9 3123 3119 312.6 1059 1849 264.1 278.2 277.7 2915 2919 2923
600 140.5 2319 322.6 3351 3354 347.6 3479 347.6 348.2 1209 211.0 301.2 314.1 313.6 326.2 326.6 327.0
700 153.0 253.3 3529 364.3 364.5 375.7 3759 3756 376.2 132.7 231.7 330.8 3425 342.1 353.6 353.8 354.2
800 163.2 2705 377.2 387.6 387.8 398.0 398.1 397.9 398.4 142.3 248.4 354.6 365.2 364.9 3753 375.6 375.8
900 171.6 284.7 397.2 406.6 406.7 416.0 416.2 416.0 416.3 150.2 262.2 374.2 383.8 383.5 393.0 393.2 3934
1000 178.7 296.5 413.7 4222 422.4 430.8 430.9 430.8 431.1 156.9 273.6 390.5 399.1 398.9 407.5 407.6 407.8
1500 201.5 333.7 465.4 470.7 470.7 476.0 476.0 476.0 476.1 178.3 309.8 441.3 446.6 446.6 451.8 4519 452.0
2000 213.0 351.9 490.4 493.9 4939 497.3 497.3 497.3 497.3 189.1 327.6 466.0 469.4 469.4 4728 4729 4729
2500 219.4 361.8 504.0 506.3 506.3 508.6 508.7 508.7 508.7 195.1 337.2 479.4 481.7 481.7 484.0 484.0 484.1
3000 223.1 367.6 512.0 513.7 513.7 515.3 515.3 515.3 515.3 198.7 343.0 487.3 488.9 488.9 490.6 490.7 490.7
3500 225.6 371.3 517.0 518.3 518.3 519.6 519.6 519.6 519.6 201.0 346.6 492.2 4935 493.5 494.8 494.8 494.8
4000 227.2 373.8 520.4 521.4 521.4 5224 5224 5224 5224 2025 349.1 4956 496.6 496.6 497.6 497.6 497.6
4500 228.3 375.6 522.8 523.6 523.6 524.4 524.4 5244 5244 203.6 350.8 497.9 498.7 498.7 499.5 499.5 499.6
5000 229.2 376.9 5245 5252 5252 525.8 5258 525.8 5258 204.4 352.0 499.7 500.3 500.3 501.0 501.0 501.0
5500 229.7 377.8 525.8 526.3 526.3 526.9 526.9 526.9 526.9 205.0 353.0 501.0 501.5 501.5 502.0 502.0 502.0
6000 230.2 378.5 526.8 527.3 527.3 527.7 527.7 527.7 527.7 2054 353.7 501.9 502.4 502.4 502.8 502.8 502.8

*Based on B3LYP/6-31G(d,p) frequencies.
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